The 3.2-kb hepatitis B virus (HBV) genome encodes a single regulatory protein termed HBx. While multiple functions have been identified for HBx in cell culture, its role in virus replication remains undefined. In the present study, we combined an HBV plasmid-based replication assay with the hydrodynamic tail vein injection model to investigate the function(s) of HBx in vivo. Using a greater-than-unit-length HBV plasmid DNA construct (payw1.2) and a similar construct with a stop codon at position 7 of the HBx open reading frame (payw1.2*7), we showed that HBV replication in transfected HepG2 cells was reduced 65% in the absence of HBx. These plasmids were next introduced into the livers of outbred ICR mice via hydrodynamic tail vein injection. At the peak of virus replication, at 4 days postinjection, intrahepatic markers of HBV replication were reduced 72% to 83% in mice injected with HBx-deficient payw1.2*7 compared to those measured in mice receiving wild-type payw1.2. A second plasmid encoding HBx was able to restore virus replication from payw1.2*7 to wild-type levels. Finally, viremia was monitored over the course of acute virus replication, and at 4 days postinjection, it was reduced by nearly 2 logs in the absence of HBx. These studies establish that the role for HBx in virus replication previously shown in transfected HepG2 cells is also apparent in the mouse liver within the context of acute hepatitis. Importantly, the function of HBx can now be studied in an in vivo setting that more closely approximates the cellular environment for HBV replication.
Hepatitis B virus (HBV) infection is a major health problem worldwide, with more than 350 million chronically infected individuals who are at risk for developing severe liver disease, including hepatocellular carcinoma (12) . The 3.2-kb HBV genome encodes a single regulatory protein termed HBx, but progress towards understanding the role of HBx in virus replication has been hindered by the lack of either a cell culture system or a convenient small animal model. Although initial studies suggested that HBx was not required for virus replication in cell culture (2) , experiments with the highly related woodchuck hepatitis virus (WHV) system indicate that the WHV X protein (WHx) is required for virus replication in vivo (23) . Other studies have demonstrated that WHVs carrying mutant WHx grow with attenuated kinetics in vivo, depending on the particular mutation (17, 22) .
While many functions have been ascribed to HBx (reviewed in reference 5), most studies have been performed in cell culture and under conditions in which HBx is not required for virus replication. Two recent advances provide new approaches to investigate a role for HBx in the context of virus replication in vivo. The first is a plasmid-based replication assay that utilizes a greater-than-unit-length HBV genome of the ayw subtype (payw1.2) (15) and an identical plasmid containing a stop codon affecting HBx amino acid position 7 (payw1.2*7) (10). These plasmids were used to demonstrate that capsidassociated viral DNA from the HBx-deficient payw1.2*7 plasmid (versus payw1.2) was reduced significantly in transfected human hepatoblastoma (HepG2) cells (10) and that HBx-deficient payw1.2*7 complemented with a second plasmid encoding HBx was able to restore virus replication to wild-type levels (3, 8, 19) .
A second advance that provides a new tool for studying HBx function utilized a related greater-than-unit-length HBV genome plasmid injected via the mouse tail vein under hydrodynamic conditions to induce acute hepatitis (21) . In this system, the HBV plasmid DNA directs the synthesis of authentic viral transcripts, leading to packaging of viral RNA and the release of virus particles into the blood. The effect of HBx deficiency on HBV replication in the hydrodynamic mouse model has not been examined. Therefore, the present study was designed to investigate a role for HBx in HBV replication in this in vivo model. We show that HBV replication in injected mice is both HBx dependent and HBx independent, with the former constituting approximately 75% of the virus replication observed in the liver and 99% of the viremia. Importantly, this study establishes a new in vivo model with which to study HBx function within the context of acute virus replication.
MATERIALS AND METHODS

Plasmids.
A plasmid carrying a greater-than-unit-length (129%) HBV genome (payw1.2; subtype ayw) and the same plasmid with a stop codon for amino acid 7 of HBx (payw1.2*7) were previously described (10, 15) and were obtained from Robert Schneider. Plasmids pSI-X and pSI-green fluorescent protein (GFP) were created by inserting the gene for HBx (adw2 subtype) or GFP into the multiple cloning site of a plasmid containing the simian virus 40 enhancer/early promoter vector (pSI; Promega). A plasmid encoding a heat-stable, secretable form of alkaline phosphatase (pSI-SEAP) was constructed by inserting the simian virus 40 enhancer/early promoter from the pSI vector into the BglII and EcoRI sites of the promoterless pSEAP2-Basic plasmid (Clontech). The promoterless pSEAP2-Basic plasmid was also utilized as a negative control in animal experiments, and a pSI plasmid carrying the gene for neomycin resistance (pSIneo) was used as a negative control plasmid for HepG2 transfection experiments. All plasmids were prepared and purified using an endotoxin-free plasmid Maxi kit (QIAGEN).
Cell culture and plasmid transfection. HepG2 cells were obtained from the ATCC and used at an early passage. Cells were plated at a density of approximately 5 ϫ 10 5 cells per 60-mm plate and were transfected 24 h after being plated, using TransIT (Mirus Bio Corporation) according to the manufacturer's protocol. At 2 h posttransfection, 2 ϫ 10 6 untransfected HepG2 cells were added to each plate to create a confluent monolayer. Cells were fed daily with Eagle's medium containing 10% serum and were harvested at 5 days posttransfection.
Hydrodynamic injection, sacrifice, and harvest of livers. Approval for all experiments involving animals was obtained from the Institutional Animal Care and Use Committee at Baylor College of Medicine. Outbred Crl:CD-1(ICR) mice (10 to 13 weeks of age) were injected via the tail vein with plasmid DNA (18 g DNA per mouse) diluted in phosphate-buffered saline (PBS) to a volume equivalent to 8% of the total body weight of each animal. Each animal received 9 g of HBV plasmid DNA (either payw1.2 or payw1.2*7), 5 g pSI-SEAP (encoding secretable, heat-stable alkaline phosphatase), and 4 g of either pSI-X or control plasmid. Negative control animals received 5 g pSI-SEAP and 13 g of promoterless pSEAP2-Basic plasmid DNA. Tail vein injection was completed in 8 to 11 seconds, and mice were then housed in a biohazard facility until sacrifice. At sacrifice, mice were anesthetized and bled, and their livers were processed as previously described (7) . Alanine aminotransferase (ALT) levels were determined for serum samples by using a COBAS Integra 400 Plus highthroughput analyzer.
Retro-orbital bleeding of mice. Blood was collected from mice on days 0, 1, 4, 7, and 10 postinjection by retro-orbital bleeding to measure viremia in the circulation. For this procedure, mice were anesthetized using isoflurane, and approximately 50 l of blood was collected in a nonheparinized microhematocrit capillary tube (Fisher Scientific).
Measurement of heat-stable alkaline phosphatase. For quantitation of heatstable serum alkaline phosphatase (expressed from plasmid pSI-SEAP, included in all injections), 10 l of serum was heated at 65°C for 30 min to inactivate endogenous phosphatases. The heat-inactivated serum was then diluted 1:25 in sterile saline, added to 450 l of alkaline phosphatase yellow (pNPP) liquid substrate (Sigma), and mixed, and the optical density at 405 nm was recorded at 0, 10, 20, and 30 min to calculate relative alkaline phosphatase levels for normalization among groups of injected animals.
Histological and immunohistological analysis. Liver tissue was processed as previously described and stained with hematoxylin and eosin for histological analysis (7) . Paraffin-embedded sections were also cut, and the tissue was incubated with rabbit anti-HBcAg (Dakocytomation) or rabbit anti-proliferating cell nuclear antigen (anti-PCNA) (FL-261; Santa Cruz Biotechnology), with diaminobenzidine used as a chromogen, according to the manufacturer's protocol.
Western blot detection of HBV core. Liver extracts were prepared by homogenizing 25 mg of liver in extraction buffer (50 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, 1% NP-40, and 1% aprotinin). Following centrifugation to remove cellular debris, the protein concentration was determined using a DC protein assay kit (Bio-Rad). A total of 125 g protein from each liver was separated in a 12% polyacrylamide gel and transferred to a nitrocellulose membrane (30 min each at 100 mA, 200 mA, 300 mA, and 400 mA). Following transfer, the membrane was blocked with 5% nonfat dry milk in PBS for 1 h. The membrane was then cut in half, and each filter was incubated with either anti-HBcAg (1:1,000; Dako) or anti-tubulin (1:1,000; Sigma) (used as a loading control) in 0.01% PBS plus 0.1% Tween 20 for 1 h. Membranes were washed with PBS-Tween and incubated for 1 h with a secondary antibody (1:1,000) conjugated to horseradish peroxidase (Pierce). Antibody-bound HBV core (or tubulin) protein was then detected using a SuperSignal West Femto kit (Pierce).
IP/Western blot detection of HBx. Two 60-mm plates of transfected HepG2 cells were harvested on day 3 posttransfection and pooled for each immunoprecipitation (IP) reaction, as described previously (1) . Detection of HBx from mouse liver tissue was performed as described previously (18) , using 6 mg of liver extract per IP reaction. For the Western blot, bound anti-HBx primary antibody (1:1,000) was detected using a horseradish peroxidase-conjugated anti-rabbit secondary antibody and a SuperSignal West Femto detection kit (Pierce).
Purification of capsid-associated viral DNA. Capsid-associated DNA was extracted as described previously (13), with modifications. Equivalent amounts of HepG2 cells or liver tissues were homogenized in 1 ml of lysis buffer (50 mM Tris, pH 7.5, 0.5% NP-40, 1 mM EDTA, and 100 mM NaCl) and mixed gently at 4°C for 1 h. Next, 10 l of 1 M MgCl 2 and 10 l of DNase I (10 mg/ml) were added and incubated for 2 h at 37°C. Viral cores were then precipitated by adding 35 l (0.5 M) of EDTA and 225 l of 35% polyethylene glycol and incubating them at 4°C for at least 30 min, after which the cores were concentrated by centrifugation and the pellet was resuspended in 10 mM Tris, 100 mM NaCl, 1 mM EDTA, 1% sodium dodecyl sulfate (SDS), and 20 l of proteinase K (25 mg/ml) and incubated overnight. Viral DNAs released from lysed cores were extracted with phenol and chloroform, precipitated with isopropanol, and resuspended in Tris-EDTA. For purification of cores from serum, 25 l of serum was incubated for 12 to 16 h at 37°C with 10 mM Tris, pH 7.5, 5 mM MgCl 2 , 3 mM CaCl 2 , and 10 l of DNase I (10 mg/ml) in a 1-ml total volume. Viral cores were precipitated by adding 35 l of 0.5 M EDTA and 225 l of 35% polyethylene glycol and were incubated for at least 1 h at 4°C. Cores were concentrated by centrifugation, and the pellet was resuspended in 10 mM Tris, 100 mM NaCl, 1 mM EDTA, 1% SDS, and 20 l of proteinase K (25 mg/ml) (approximately 400-l total volume) and incubated at 37°C overnight. Viral DNA was then extracted using a QIAamp DNA Blood Mini kit (QIAGEN) following the manufacturer's protocol.
Southern blot hybridization. Resuspended capsid-associated viral DNAs were separated in 1% agarose gels and transferred to a positively charged nylon membrane. Membranes were probed with a 32 P-labeled HBV DNA probe, and quantitation was performed by densitometer scanning.
Real-time PCR detection of HBV DNA. Real-time PCR was used to quantitate capsid-associated DNA, using TaqMan real-time PCR primers (5Ј-AGAAACA ACACATAGCGCCTCAT-3Ј and 5Ј-TGCCCCATGCTGTAGATCTTG-3Ј) and probe (5Ј-TGTGGGTCACCATATTCTTGGG-3Ј) (Applied Biosystems). Cycling parameters, performed with an Applied Biosystems 7000 sequence detection system, were as follows: 1 cycle at 50°C for 2 min; 1 cycle at 95°C for 10 min; and 40 cycles at 95°C for 15 s and 60°C for 60 s. Plasmid payw1.2 was diluted over a range of 10 7 to 10 0 and used as a standard, and all samples were analyzed in duplicate.
Purification of viral RNA and analysis by Northern blotting. RNAs were extracted from liver tissue by using an RNAqueous-4 PCR kit (Ambion) according to the manufacturer's instructions. Briefly, flash-frozen liver tissue was homogenized, and the RNAs were extracted, washed, and treated with DNase I to remove contaminating DNA. RNA yield and quality were then assessed by measuring the UV absorbance at 260 nm and separating the RNAs in a 1% formaldehyde gel to visualize 28S and 18S rRNAs. For viral RNA detection, 3 g of total RNA was run in a formaldehyde gel, transferred to a membrane, and blotted with a 32 P-labeled HBV DNA probe. Hybridization of the same blots with a 32 P-labeled ␤-actin probe provided the loading control. Quantitation and statistics. Northern, Southern, and Western blots were exposed on Kodak BioMax MS film and quantitated by densitometry analysis (Molecular Dynamics) and ImageQuant5.2 software. Quantitation of PCNApositive hepatocytes was performed on coded tissue sections by counting positive nuclei in five random high-power fields (each containing approximately 300 hepatocytes) from livers of two or three representative animals from each injection group. Statistical significance for all experiments was determined by using Student's t test or the Mann-Whitney rank sum test (SigmaStat software). Error bars are reported as standard errors of the means, and significance was assigned for P values of Ͻ0.05.
RESULTS
HBx is required for wild-type levels of HBV replication in HepG2 cells. To examine the contribution of HBx to virus replication, equivalent numbers of HepG2 cells were transfected with payw1.2 or payw1.2*7 and a plasmid encoding GFP to control for transfection efficiency. Cells were harvested at 5 days posttransfection, viral cores were isolated, and the DNA was extracted. Capsid-associated viral DNA was detected by hybridization with a 32 P-labeled full-length HBV DNA probe and quantitated by densitometry analysis. The level of capsidassociated viral DNA measured in cells transfected with HBxdeficient payw1.2*7 was reduced an average of 65% (range, 60 to 80% in three independent experiments) relative to that measured in cells transfected with wild-type payw1.2 (Fig. 1A,  lanes 1 and 2) . The reduced level of viral DNA was restored to wild-type levels by cotransfection of a plasmid encoding wildtype HBx (pSI-X) (Fig. 1A, lane 3) . Southern blot hybridization results were confirmed by real-time PCR quantitation of capsid-associated DNA, using primers that reside outside both the terminally redundant portion of payw1.2 (and payw1.2*7) and the X gene used to complement payw1.2*7 replication (Fig. 1B) . A sensitive IP/Western blot was used to demonstrate HBx expression in cells cotransfected with the complementing pSI-X plasmid DNA (Fig. 1C, lane 3) . The expression of HBx from the payw1.2 template was below the limit of detection by our IP/Western assay (Fig. 1C, lane 1) . In control experiments, we found that our rabbit anti-HBx antibody reacted 10-fold more strongly by IP/Western blotting to subtype adw2 HBx than to subtype ayw HBx, although both proteins showed an equivalent ability to transactivate a reporter construct (data not shown). Importantly, cotransfection of pSI-X with the wildtype payw1.2 plasmid did not lead to a further enhancement of HBV replication compared to that with payw1.2 alone, indicating that the level of HBx expressed from the payw1.2 template is sufficient for maximal HBV replication in this system (Fig. 1B) . Together, these results are consistent with previous studies utilizing the same payw1.2 and payw1.2*7 plasmids (3, 8, 19) and demonstrate a requirement for HBx to obtain wildtype levels of HBV replication in HepG2 cells.
HBx is required for wild-type levels of capsid-associated HBV DNA in vivo. To extend these observations to an in vivo setting, the same plasmid DNAs were introduced into groups of five ICR mice by hydrodynamic tail vein injection (9) . Outbred mice were used to avoid the possibility that our observations might be restricted to a specific inbred line of mice. A reporter plasmid DNA encoding a secretable form of heatstable alkaline phosphatase was included with each injection to control for injection efficiency. Mice were sacrificed on day 4 postinjection, and viral capsids were purified from equivalent amounts of liver tissue. Capsid-associated DNA was analyzed by gel electrophoresis, hybridized to a radiolabeled HBV DNA probe, and scanned for densitometer quantitation. The level of capsid-associated DNA in the livers of mice receiving payw1.2*7 was reduced 83%, on average, relative to that measured in the livers of mice receiving payw1.2 ( Fig. 2A) . This was restored to wild-type (payw1.2) levels when a second plasmid encoding HBx (pSI-X) was used as a complement. The densitometer results ( Fig. 2A) were confirmed by real-time PCR quantitation of purified capsid-associated DNA (Fig. 2B) . The expression of HBx in the livers of injected mice was confirmed by IP/Western blotting for mice receiving the pSI-X plasmid to complement payw1.2*7 (Fig. 2C, lane 3) , but the expression of HBx from the payw1.2 template was below the limits of detection with this assay (Fig. 2C, lane 1) . These results demonstrate that the requirement of HBx for wild-type levels of capsid-associated viral DNA previously observed in HepG2 cells is also apparent in mouse hepatocytes in vivo. In addition, we concluded that in this model, approximately 75% of the virus replication observed is HBx dependent, while 25% of it occurs independent of HBx expression and is considered to be residual replication (see Discussion). While the ability of HBx to enhance virus replication in vivo was previously demonstrated by crossing HBV transgenic mice lacking HBx with transgenic mice expressing HBx (20) , that model lacked a host immune response to HBV proteins. The present study is the first report of a role for HBx in HBV replication within the context of acute hepatitis in vivo.
HBV RNAs and core protein are reduced in the absence of the HBx protein. To identify the step(s) in virus replication affected by HBx, liver tissues from mice sacrificed on day 4 postinjection were analyzed. Total liver RNA was extracted and analyzed by Northern blot hybridization using a radiolabeled HBV-specific probe. All three species of viral RNA (3.5, 2.4, and 2.1 kb) were detected in the livers of all mice receiving HBV plasmid DNA (Fig. 3A) . When normalized to a ␤-actin loading control, there was an average 72% reduction in total HBV transcripts in the mice receiving payw1.2*7 relative to those in mice receiving payw1.2 (Fig. 3A, lanes 1 and 2, and B) . These reduced levels were restored to greater-than-wild-type levels when mice injected with payw1.2*7 received a second plasmid encoding HBx (pSI-X) (Fig. 3A, lane 3, and B) . These results suggest that one function of HBx in the HBV hydrodynamic model is to enhance the level of HBV mRNAs.
HBV core protein was similarly reduced in mice receiving HBx-deficient payw1.2*7 relative to that found in mice receiving payw1.2. The HBV core protein was detected by Western blotting using a rabbit anti-core antibody (Dakocytomation), and the signal was normalized by using tubulin as a loading control. Total HBV core protein was decreased 75% in mice injected with payw1.2*7 (Fig. 4A, lane 2) compared to that in mice injected with payw1.2 or payw1.2*7 plus pSI-X (Fig. 4A,  lanes 1 and 3) . Paraffin-embedded liver tissue was stained with an antibody to core protein to identify the pattern of infected hepatocytes within the liver. Approximately 5 to 7% of hepatocytes from mice injected with payw1.2 were strongly positive for HBV core protein (Fig. 4B) . In contrast, staining of liver tissues from mice injected with payw1.2*7 yielded a noticeable decrease in the intensity of staining (Fig. 4B) , and this was restored to wild-type levels for mice receiving both payw1.2*7 and a second plasmid encoding HBx (pSI-X). The core-positive hepatocytes were distributed evenly throughout the liver and were not restricted to specific zones (data not shown).
HBx enhances the level of circulating HBV. We next examined the effect of HBx on viremia during the course of acute hepatitis. Groups of mice received either payw1.2, payw1.2*7, payw1.2*7 plus pSI-X, or a negative control plasmid. Serum was collected by retro-orbital bleeding at 0, 1, 4, 7, and 10 days postinjection, and capsid-associated viral DNA was extracted and quantitated by real-time PCR. Viremia was maximal at day 4 postinjection, which is consistent with the result reported for a similar greater-than-unit-length HBV plasmid injected into B10.D2 mice (21) . Very low levels of capsid-associated viral DNA were detected at day 1 postinjection in all groups of mice receiving HBV plasmid DNA (Fig. 5) . Virus titers measured in mice injected with payw1.2*7 were significantly reduced com- pared to those in mice receiving payw1.2 at days 4, 7, and 10 postinjection (Fig. 5) . The most dramatic reduction was measured at day 4 postinjection, when viremia in the payw1.2*7-treated animals was reduced 99% compared to that measured in mice receiving payw1.2 (P Ͻ 0.05). The results of two additional independent experiments revealed similar 97% and 98% reductions in viremia in the payw1.2*7 mice (data not shown). By day 10, the majority of the virus had been cleared from the sera of all injected mice. Following hydrodynamic injection, ALT levels were elevated in all groups on day 1 and had returned to baseline by day 4, with no significant differences measured between injection groups at any of the time points measured (days 0, 1, 4, and 7) (data not shown). The increased ALT levels on day 1 indicated injury to the livers of injected mice. We next performed staining for PCNA on livers of mice at 4 days postinjection to determine whether the liver injury led to compensatory regeneration. Livers of injected mice showed up to 15-fold increases in PCNA-positive staining relative to that measured in uninjected control mice (Table 1) . There were no significant differences in PCNA positivity among groups of animals receiving different plasmids, including a control plasmid that did not encode HBV.
DISCUSSION
HBx is a conserved viral protein that is presumed by analogy to WHx (23) to be required for HBV replication in vivo. However, the lack of a suitable small animal model has hindered the identification of HBx functions that contribute to virus replication. The current study combined the greaterthan-genome-length HBV plasmid DNA replication model (10) with the hydrodynamic model of acute hepatitis (21) to examine HBx function within the context of acute viral hepatitis. We show that in this model, 75% of the HBV capsidassociated DNA in the liver is dependent on HBx. An even more dramatic effect of HBx was measured at the level of viremia, where virus replication from the payw1.2*7 template was reduced up to 99% relative to that from the wild-type payw1.2 template. In all instances, the lower replication level from the payw1.2*7 plasmid was restored to wild-type levels by complementation with a second plasmid DNA encoding HBx.
Together, these results demonstrate that the role for HBx in HBV replication previously described for human HepG2 cells is also evident in mouse hepatocytes in vivo. To our knowledge, this is the first report of a role for HBx in virus replication within the context of acute hepatitis in a small animal model.
There are several possible steps at which HBx may contribute to HBV replication in this animal model. The livers of mice receiving plasmid payw1.2*7 revealed a 72% reduction in viral transcripts compared to the levels measured in mice receiving wild-type payw1.2 (or payw1.2*7 plus pSI-X). This effect of HBx is consistent with the degree of HBx transactivation previously reported for a variety of cellular and viral promoters in cell culture (14) and would argue that the magnitudes of HBx transactivation are similar both in vivo and in immortalized cells in culture. Our finding that HBx enhances the level of HBV mRNA is in agreement with similar results from previous studies with HepG2 cells (8, 19) but differs from another report indicating that HBV mRNA levels in HepG2 cells are unaffected by HBx (3). While the reason for the latter discrepancy is unclear, note that our finding of reduced mRNA from the payw1.2*7 template is supported by the additional observation of reduced viral core protein levels. Therefore, we consider that the reduced mRNA measured in the absence of HBx may be sufficient to explain the reductions in the later steps in virus replication, including intrahepatic core protein and capsidassociated DNA. We conclude that one function of HBx in the hydrodynamic model is to increase the level of HBV mRNA.
While HBx deficiency yielded a marked effect on core-associated DNA within the liver, the effect of HBx was even more dramatic on the level of viremia. While the absence of HBx led to an approximately 75% reduction in intrahepatic viral mRNA, core protein, and capsid-associated DNA, the analysis of sera collected at the peak of virus replication, at day 4 postinjection, revealed a 99% reduction in viral titer in mice injected with payw1.2*7 (versus payw1.2) ( Fig. 5 ; Table 2 ). This impressive reduction in viremia in the absence of HBx, compared to the relatively more modest reduction of intrahepatic viral markers, was unexpected. However, it has been shown that the core protein requires a critical concentration for dimerization and capsid formation (16) , and thus it is possible that the decrease in viral mRNA and core protein in the absence of HBx leads to an even stronger reduction in the level of assembled viral capsids. We also considered that a function of HBx may be needed for optimal capsid stability. There is an unconfirmed report of HBx "reactivity" in viral cores (4) . However, HBx could indirectly affect capsid stability. For example, HBx enhances the phosphorylation of the HBV core protein at serine 162 and serine 170 (11) , and it has been proposed that phosphorylation of the core at serine 87 affects the stability of HBV capsids, although the effect of HBx in that process was not examined (6) . The phosphorylation status of the core protein was not studied in the injected mice. Other possibilities to explain the additional effect of HBx on viremia include an as yet undefined role for HBx in viral egress from the cell.
It is not clear why a previous study with woodchucks showed a complete failure of WHx-deficient WHV to grow in vivo (23) while the present study shows residual HBV replication in the absence of HBx. In the hydrodynamically injected mouse, the residual HBx-independent HBV replication comprises 25% of the total intrahepatic replication and 1% of the viremia. Similarities between these two models include the use of a greaterthan-unit-length WHV (or HBV) plasmid DNA capable of expressing the 3.5-kb pregenomic RNA. Both models also utilized plasmid DNAs with an engineered stop codon designed to prevent WHx (or HBx) expression. However, there are also important differences in these two models that may explain the residual HBx-independent replication observed in hydrodynamically injected mice. It has been demonstrated that HBx is not required for HBV replication in dividing cells (2) , and so the compensatory regeneration observed in response to hydrodynamic injection (Table 1) may provide a cellular environment that favors HBV replication even in the absence of HBx. This would be expected to occur in all groups of injected mice, since we did not observe differences in ALT levels or in the frequency of PCNA-positive hepatocytes among groups of mice receiving different plasmid DNAs. We also consider it possible that the efficient delivery of plasmid DNA by the hydrodynamic method (estimated in another study to reach 40% of hepatocytes, as measured with a sensitive beta-galactosidase assay [9] ) may contribute to a higher "background" of residual HBx-independent replication in the mouse model. In summary, it is likely that a combination of the above differences in experimental systems could explain the apparently discrepant results for the effect of HBx deficiency on virus replication in these two models.
The host immune response to HBV replication in the hydrodynamic model was described previously (21) . In that study, the decline of viremia was accompanied by both the appearance of antibodies to HBV core, surface, and e antigens and the development of HBV-specific cytotoxic T lymphocytes detectable in the spleens of mice by day 7. The successful host immune response led to disappearance of the virus from the blood by day 10 postinjection. While the experimental design of the present study did not specifically address the host immune response, note that the kinetics of virus clearance appeared to be similar for all mice receiving HBV plasmids (payw1.2, payw1.2*7, or payw1.2*7 plus pSI-X), indicating no obvious effect of HBx on the ability of the host immune response to clear replicating HBV in this model. This is the first report of in vivo HBx complementation of payw1.2*7 HBx-deficient replication. However, previous studies have identified this property of HBx in plasmid-transfected HepG2 cells (Table 2) . In those studies, the HBx subtypes ayw and adr were shown to complement HBx-deficient replication, whereas the present study examined the adw2 subtype. The HBx protein sequences deduced from cloned HBV isolates vary by up to 10% at the amino acid level, and those tested thus far in the complementation assay differ from each other by up to 7.8% at the amino acid level, yet all were able to similarly rescue HBV replication to wild-type (payw1.2) levels in HepG2 cells. Thus, certain amino acid positions within HBx can be varied without affecting the protein's ability to restore HBx-deficient replication to wild-type levels.
In the course of our study, we noted that the effect of HBx deficiency on HBV replication in HepG2 cells was apparent only under certain culture conditions (see Materials and Methods). Specifically, an effect of HBx deficiency on virus replication was noted when the HepG2 cells were confluent but not when the cells were growing and subconfluent. This observation was also reported by Leupin et al., using the same payw1.2 and payw1.2*7 plasmids (8). It was previously suggested that HBx may function to push cells out of quiescence, presumably to generate a cellular environment that favors virus replication (5) . Regardless of the mechanism involved, these results provide an explanation for earlier studies in which it was concluded that HBx was not required for virus replication in cell culture (2) .
In summary, we have used the hydrodynamic mouse model of acute hepatitis to examine a role for HBx in virus replication. We demonstrated that the requirement for HBx in virus replication previously described for transfected HepG2 cells is also apparent in mouse hepatocytes in vivo. In this model, the effect of HBx deficiency results in a consistent 75% reduction in viral mRNA, core protein, and capsid-associated viral DNA in the liver and a 99% reduction in circulating viremia. In all instances, the effects of HBx deficiency were reversed by adding a complementing plasmid encoding HBx. Importantly, this in vivo model permits further investigation into HBx's contributions to virus replication by the testing of mutant HBx proteins in a biologically relevant setting. 
